Abstract. We investigate hyperon potentials in nuclear matter through hyperon production reactions, and construct several sets of equation of state (EOS) of nuclear matter including hyperons for numerical simulations of core collapse supernovae.
INTRODUCTION
The equation of state (EOS) plays an important role in high density phenomena such as neutron stars and supernova explosions. In the core region of neutron stars, the density is so high that hyperons are expected to admix [1, 2] . Especially, the Σ − baryon has been expected to appear at lower densities than the lightest hyperon, Λ, since it is negative charged and feels a larger chemical potential than neutral and positively charged baryons. Core-collapse processes leading to supernovae or black holes may involve more extreme conditions at high density and temperature. In order to describe the whole evolution of these processes by numerical simulations, one needs to prepare the set of microphysics under such extreme conditions. One of the most important ingredients is the equation of state (EOS) that contains necessary physical quantities. Until now, the two sets of EOS (Lattimer-Swesty EOS [3] and Shen EOS [4] ) have been widely used and applied to numerical simulations of core-collapse supernovae. In these EOSs, hyperons are not included, and their applicability is questionable to the long-time evolution such as the proto-neutron star cooling [5] and the black hole formation [6] .
In this work, we investigate hyperon potentials in nuclear matter through hyperon production reactions in the distorted wave impulse approximation (DWIA) with a newly developed local optimal Fermi averaging t-matrix (LOFAt) [7, 8, 9] . Next we include hyperons in the nuclear matter EOS with these potential values [10] . We provide the data table covering a wide range of temperature (T ), density (ρ B ), and charge-to-baryon number ratio in hadronic part (Y C ), which enables one to apply to supernova simulations. 
HYPERON POTENTIALS IN NUCLEAR MATTER
Hyperon threshold densities and fractions are mainly determined by hyperon potentials in nuclear matter. The Λ-nucleus potential has been known to be around U Λ = −30 MeV from single particle energies in the bound state region. It has been naively expected that baryon potential in nuclear matter is proportional to the number of ud quarks, suggesting
, but quark cluster models [12] and a chiral model [13] suggest repulsive potential, U Σ ∼ +30 MeV. Thus it is very important to determine U Σ based on real data, not only for astrophysics but also for the understanding of the nature of baryon-baryon interactions.
In extacting Σ and Ξ potentials, presently available data for bound states are so scarce that it is necessary to analyze hyperon production spectra. For Σ, there is only one quasibound state 4 Σ He [14] , which is too light to extract the potential. For Ξ, no bound state peaks have been specified.
We analyze quasi-free Σ − production spectra [15] and Ξ − production spectra [16] in the Green's function method in DWIA [17] , in which the hyperon production spectra are represented as,
Here we show the expression in (π, K + ) reactions as an example, andÔ denotes the operater which converts πN to K + Y . In a standard treatment [17] , the elementary t-matrix (t q ) is assumed to be a constant and factorized out from the response function R Y , then the cross section is found to be represented as the product of a kinematical factor, the Fermi averaging t-matrix (t q ) and the strength function, S = −Im ÔĜ YÔ /π. Recently, it has been pointed out that the on-shell kinematics in the Fermi averaging is important to describe hyperon production spectrum shape [18] . When we have potentials for N and Y , it would be also necessary to the reaction point dependence [19] . Here we apply the local optimal Fermi averaging t-matrix (LOFAt),t q (r) [7, 8, 9] , defined as the Fermi averaging t-matrix under the onshell condition with hadron single particle local energies containing potential effects. We show the Σ − production spectrum in 28 Si(π − , K + )Σ − X in the left panel of Fig. 1 , and the χ 2 contour map in the case of Woods-Saxon potential in the right panel of Fig. 1 . We find that the Σ − -nucleus potential is well determined to be U Σ (ρ 0 ) (+15 MeV, −10 MeV) in the case of the Woods-Saxon potential, which simulates the tρ approximation. With higher order terms in ρ, U Y = αρ B + β ρ γ B , we cannot determine the potential depth only from the quasi-free Σ − production data, but we find that the spectrum is well described with the potential determined from the Σ − atomic shift [21] . In the latter case, we need to have more repulsive potential in order to cancel the effects from the attractive potential pocket on the nuclear surface. Thus we may conclude U Σ > +15 MeV.
We have also analyzed the Ξ − production spectra [8] , and found that the U Ξ −14 MeV [16, 20] seems to be reasonable, while we underestimate the absolute value of the production yield for light nuclear target.
EOS WITH HYPERONS AND ASTROPHYSICAL APPLICATIONS
In constructing relativistic EOS with hyperons, we start from the parameter set TM1 [22] and its flavor SU(3) extension [11] for nucleon and hyperon sectors. The RMF parameter set TM1 is determined to describe binding energies and nuclear radii of finite nuclei in a wide mass range. The extension of the RMF to flavor SU(3) has been investigated by many authors. A typical form of the Lagrangian density including hyperons is given as [11] ,
which contains hidden strangeness (ss) scalar and vector mesons, ζ and φ , in addition to σ , ω and ρ (represented by R µ ) mesons. We adopt the hyperon-vector meson coupling constants based on the SU(6) (flavorspin) symmetry [11] . Scalar mesons in RMF may partially represent contributions from some other components thanqq, then the hyperon-scalar meson couplings are determined to fit the recommended potential strength discussed in the previous section,
Now we apply the EOS with hyperons in the present RMF parameter set (EOSY ) to neutron star matter [10] . EOSY is softer than the TM1 EOS due to hyperon admixture at ρ B 0.3 fm −3 , as shown in Fig. 2 . With attractive hyperon potentials (EOSY (SM)), (U Σ ,U Ξ ) = (−30 MeV, −28 MeV) [11] , Σ − appears prior to Λ, and π − may condensate if the πN repulsion is weak (EOSY π). The maximum mass is 1.63 M for EOSY in contrast to 2.17 M for nucleonic (TM1) EOS. The central density of a typical neutron star having 1.4M is 0.35 fm −3 in nucleonic EOS (TM1), which is a little above the threshold density of Λ in EOSY . In this case, hyperons are limited only in the core region, and the neutron star mass does not get a large reduction as seen in Fig. 3 . When we apply the EOS with hyperons to supernova explosions, finite nuclear formation effects are included by adding the differences of the free energy and its derivatives in the Shen EOS and the uniform matter EOS in RMF(TM1) since low density part of EOS is also important. In order to test the EOS table, we calculate the adiabatic collapse of iron core of massive stars with 15M [23] under the spherical symmetry without neutrino-transfer in the same way as Ref. [24] . In Fig. 4 , we plot the contour map of the hyperon fraction (sum of strange baryons) in the density-temperature plane. In order to have a significant amount of hyperons, one needs high density or temperature. In supernova core, the entropy per baryon is typically around 1-2 k B , therefore, one needs high densities 0.3-0.4 fm −3 to have 1% mixture of hyperons and 0.45 fm −3 for 10%.
We find that in the model explosion, caused by the large electron fraction, the maximum density (0.24 fm −3 ) and temperature (22 MeV) is not high enough for hyperons to appear. However, roles of hyperons must be seen in processes involving higher densties and temperatures or lower electron fractions, such as the thermal evolution of protoneutron stars [5] and the black hole formation [6] .
SUMMARY AND DISCUSSION
In this work, we have investigated hyperon potentials in nuclear matter and extended the Shen EOS by including hyperons with these hyperon potentials.
Hyperon production reactions are analyzed in the distorted wave impulse approximation with a local optimal Fermi averaging t-matrix (LOFAt). We find that the Σ − and Ξ − production spectra are well explained with Woods-Saxon potentials. Combined with the Σ − atom data, we adopt U Σ = +30 MeV and U Ξ = −15 MeV as recommended values. These hyperon potentials are included in an SU f (3) relativistic mean field (RMF) model,
